INTRODUCTION
The on-chip light source has always been an indispensable building block in silicon photonics, which normally relies on the heterogeneous integration of III-V active layers on silicon.
1-2 The hybrid integration approach including wafer bonding technique offers agile solutions to photonic integrated circuits (PICs) with reduced development time. 3 However, stringent alignment is usually required and the wafer size is limited by the original III-V substrates. In this regard, monolithic direct epitaxial growth emerges as an attractive alternative to eliminate the high-precision fabrication steps and this approach is naturally suitable for high volume production at a minimum cost. 4 Recently, the emergence of high performance 1.3 m quantum dot (QD) lasers motivates the optimization of epitaxial growth of GaAs on Si with low dislocation density. [5] [6] [7] [8] Yet, for multi-channel wavelength division multiplexing (WDM) in longhaul telecommunications, photonic devices are mostly fabricated on the basis of InP and its related alloys. Although efforts devoted to growing high quality InP-on-Si (IoS) compliant substrates originated since the 1980s, 9-10 progress is still hindered by the 8% high lattice mismatch, twice the misfit of GaAs/Si. Consequently, the most serious issue in heteroepitaxy is the high density of defects, including threading dislocations (TDs), stacking faults (SFs) metal-organic chemical vapor deposition (MOCVD) system. Prior to III-V material growth, the silicon substrates were cleaned by a standard RCA-1 solution and then thermally annealed at 800 °C for oxide desorption. For the epitaxial growth of InP on Si substrates, a GaAs intermediate buffer was adopted to accommodate the lattice mismatch. 16 The GaAs buffer consists of a 10-nm-thick low-temperature (LT) GaAs nucleation at 400 °C with a low growth rate of 1.5 nm/min, a moderate-temperature (MT) buffer at 550 °C to smooth the growth front with growth rate gradually increasing from 2.4 to 15 nm/min, and finally, a thick hightemperature (HT) layer at 600-630 °C to acquire good material quality with a fast deposition rate of 30 nm/min. The growth procedures for the InP buffer are exactly the same as the GaAs, except for a slightly higher nucleation temperature at 435 °C. In sample A, a standard structure with 1.5 µm InP (inserted with a 50-nm-thick single strained In0.58Ga0.42As interlayer) grown on To directly monitor the generation and propagation of the defects in detail, cross-sectional TEM lamellas of these three samples were further prepared. (Fig. 6(d) ), contributing to the dislocation annihilation. Nevertheless, still a considerable number of TDs can penetrate through the InGaAs layer and the defect density terminating at the top surface is determined to be 1.2×10 9 /cm 2 on average according to the PV-TEM images shown in Fig. 9(a) . For sample B inserted with 2 nm height QD DFLs ( Fig. 7(a) ), although the dislocations can be influenced by the QDs, sufficient defects can still propagate upward to the top surface, especially the SFs. These SFs appear as short dashed lines in the plan-view TEM images in slightly influenced by the 2D strained superlattices, they can be terminated at the surface of 3D
QDs. 6 However, we also observe some TDs and SFs penetrating through the DFLs across certain regions of sample C. Worse still, these defects result in a rougher InP growth front, which accelerates the nucleation of large InAs islands and indium adatoms aggregation. As shown in 
C. Dislocation filtering analysis
The best dislocation filtering effects observed in sample C can be explained as follows:
Theoretically, assuming all coherently strained islands (i.e., QDs) are smaller than the critical size, no dislocations shall be generated by the QDs themselves. Then, bending of dislocations will occur when Erel (strain energy released due to misfit dislocation generation) is equal or larger than Edis (dislocation self-energy). According to the modeling, 21 Erel and Edis can be expressed as: The parameters for the InAs/InP QD system are derived and summarized in Tab. 2 based on published database. 21 When Erel ≥ Edis, these parameters can be substituted into the formula for calculation. For the base width of InAs/InP QDs, it is normally in the range of 30 nm~45 nm (taking the average value of 40 nm in our case), thus the dot height should be at least 4 nm to possess the effective dislocation filtering function. Here, the height of these buried QDs is limited by the thickness of the LT-InP cap layer. Therefore, the dislocation filtering efficiency of sample C (buried dot height of 5 nm) is better than sample B (buried dot height of 2 nm).
As for the influence of the QD density, the trend is consistent with InAs/GaAs dislocation filters. 6 It is anticipated that a larger QD with a higher dot density is preferred for dislocation filtering. Here, the QD density is about 3×10 10 /cm 2 , a typical value for the InAs/InP QDs system. [22] [23] It was also uncovered that a higher QD density can be achieved by stacking the InAs/InP QDs. 24 Moreover, more quantum dot stacks can facilitate the interaction of dislocations and the strain field of the QDs, enhancing the bending effect of propagated dislocations.
However, over stacking of QDs will lead to strain accumulation and the excessive strain may get released by generating new threading dislocations. Since this is a strain-dependent analysis, to simplify our case, we can refer to the InAs/GaAs example. For the InAs/GaAs with a larger lattice mismatch (~7%), the critical layer number reported is 10~15, 21 while for the lattice mismatch of InAs/InP QD dislocation filters (~3.1%), the critical layer number should be larger than 20. However, considering the growth period and managing the total buffer thickness, we only grew 2 periods of 5-stack QDs (10 QD layers in total) in samples B and C. For future improvements of the grown structure, increasing the QD stack number inside the InP buffer can be taken into consideration.
D. Optical properties
To directly examine the potential of these templates for future silicon-based QD laser applications, a single InAs/InAlGaAs QD active layer was deposited on the three InP-on-Si process, a 1.3 nm thin LT-InAlGaAs (510 °C, growth rate of 10 nm/min) was first deposited, followed by the HT-InAlGaAs at 630 °C. The diagram of the structure is illustrated in Fig. 10(a) .
The as-grown samples were then characterized by a RT-PL setup under two different excitation regimes for the evaluation of QD densities and optical properties, respectively. respectively. The difference is further supported by the RT power-dependent PL in Fig. 11 . Due to the slightly higher dot density on sample A, the PL intensity difference between samples A and C is smaller at a higher excitation regime.
According to the measured spectra in Fig. 11 , the single layer QDs grown on sample C exhibits the highest peak intensities at both pumping powers, indicating minimum defects inside the single layer of QDs active region. The defects originate from both the InP-on-Si template and the active region. The broad spectrum for single layer QDs on sample C with a relatively larger linewidth of 136 meV is due to the large inhomogeneity of the QDs, and a bimodal distribution of the QD sizes. 25 The bimodal distribution also occurs in samples A and B, with two peaks clearly identified. At RT, the photoluminescence from the two branches of QDs get overlapped, broadening the spectrum. A visible transition from the main peak to the shoulder on the higher energy side is also noted for high power excitation (4 kW/cm 2 ). This transition originates from the bimodal distribution of QD sizes. The longer wavelength peak corresponds to the relatively larger QD branches. At RT, the larger QDs dominate the luminescence for two reasons: First, the carrier capture efficiency for larger QDs is higher, compared to the smaller QDs. 26 Secondly, the thermally assisted tunneling of carriers via coupled excited states (CES) contribute to the charge carrier transfer to the larger QDs from the smaller ones. 27 However, in high excitation regime, the excessive carriers can still easily diffuse into the smaller QDs to enhance the shorter wavelength PL emission. In addition to RT-PL characterization, the temperature-dependent PL is carried out to study the internal quantum efficiencies (IQEs) and the activation energies of single layer QDs on the three IoPS templates. The IQE at RT can be calculated based on the ratio of integrated PL at RT to the highest integrated PL intensity at low temperatures 18,28
The integrated PL intensity (IPLI) as a function of temperature has been summarized and plotted in Fig. 12(b) . The calculated IQE values for the samples A-C are 12.2%, 13.7%, and 17.3%, respectively. To further improve the IQE value, efforts should be devoted to optimizing the QDs growth condition, minimizing the defect density and improving the surface smoothness of the IoPS templates. Still, the relatively higher IQE for QDs on sample C directly suggests a lower dislocation density among the three IoPS templates. Additionally, we also applied the Arrhenius formula to fit the three sets of IPLI data in Fig.   12 The bimodal distribution of the QD sizes on sample C is further investigated via the temperature-dependent PL in Fig. 13 . Low excitation was applied to avoid the emergence of excited states. For single layer QDs on sample C, it is noted that two ground-state peaks appear at all the temperature windows, indicating two QD branches. Moreover, at low temperatures, the smaller QDs dominate the luminescence due to the higher emission efficiency with less misfit dislocation generation. As shown in the inset of Fig. 13 , the peak energy transition occurs at 100 K, with an energy separation of 44 meV between the two QD peaks. 
IV. CONCLUSION
In summary, we have developed and optimized multiple InAs/InP QDs as efficient dislocation filters for InP buffers epitaxially grown on Si substrates. The dislocation filtering effect was comprehensively investigated by XRD, TEM and temperature-dependent PL methods.
By capping the QDs with a binary InP layer, a smooth growth front of the dislocation filters can be obtained, minimizing the generation of large InAs islands. A low defect density of 3×10 8 cm -2 was achieved for InP-on-Si with a large QD height of 5 nm according to the statistical plan-view TEM. Furthermore, improved optical property of the QD active layers at both low temperatures and room temperature was obtained on the optimized InP buffer inserted with QD dislocation filters. The larger internal quantum efficiency and higher activation energies verify the effects of the multiple quantum dot dislocation filters. The optimization of quantum dot dislocation filters
